Paola Ridge, along the NW Calabrian margin (southern Tyrrhenian Sea), is one of the few reported deep sea sites of precipitation of authigenic carbonates in the Tyrrhenian Sea. Here, the changing composition of the seeping fluids and the dynamic nature of the seepage induced the precipitation of pyrite, siderite and other carbonate phases. The occurrence of this array of authigenic precipitates is thought to be related to fluctuation of the sulfate-methane transition zone (SMTZ).
Introduction
Submarine seepage areas originate from the migration of methane-rich fluids and their discharge at the seafloor through peculiar morphologic features such as mud volcanoes (e.g., Krastel et al., 2003; Løseth et al., 2009) , pockmarks (e.g., Hovland et al., 2002; Sultan et al., 2014) and mud diapirs (e.g., Rovere et al., 2014) . In such areas, faults may act as plumbing systems, favoring the uprising of fluids from deep-seated sources, which can affect at different degrees the diagenesis of marine sediments (e.g., Hein et al., 2006) . The fluids often sustain complex ecosystems with a high degree of biodiversity (e.g., Levin et al., 2016 ) and significant chemosynthetic biomass, which may drive anaerobic oxidation of methane (AOM) and trigger carbonate mineral precipitation (Boetius and Suess, 2004) . In such environments, methane is thought to be mostly consumed by sulfate-dependent AOM mediated by microbial consortia in the sulfate-methane transition zone (SMTZ) (Boetius et al., 2000) . The AOM-related processes increase bicarbonate and hydrogen sulfides. This, in turns, increases the pore water alkalinity and favors the precipitation of authigenic carbonates. It has been proved that the discontinuous seepage of methane may influence the overall geochemical composition of the authigenic carbonates affecting both stable isotope composition of carbon and oxygen (Birgel et al., 2011; Hu et al., 2014) and REE distribution (Solomon et al., 2008; Kim et al., 2012; Hu et al., 2014) .
Whether cold seeps are by definition sites of active or extinct fluid escape dominated by dissolved methane, hydrothermal vents are normally considered as result of volcanic activity and characterized by higher temperatures and dominated, among the others, by dissolved CO 2 and H 2 S (Joseph, 2017 and references therein) . While hydrothermal vents were first discovered in 1977 along the Gal apagos Rift, a spur of the East Pacific Rise (Corliss et al., 1979) , the first finding of cold seeps occurred in the Gulf of Mexico (Paull et al., 1984) . The term cold seep soon became popular to identify seafloor sites where hydrocarbon-rich fluids are released, and have temperatures comparable with that of the surrounding seawater. Here, we abide to the aforementioned definitions and therefore refer to sites dominated by dissolved methane as 'seeps', and sites dominated by CO 2 with the term 'vents'.
The eastern Mediterranean Sea and the eastern part of the central Mediterranean Sea have extensively been investigated for the occurrence of mud volcanism and cold seeps related to the presence of collision zones Lykousis et al., 2009; Mascle et al., 2014) . In the western part of the central Mediterranean Sea, the Tyrrhenian Sea, evidences of fluid seepage are limited to the Adriatic Sea (Geletti et al., 2008) , Strait of Sicily, Sardinian Margin (Dalla Valle and Gamberi, 2011) and Malta Plateau (Savini et al., 2009; Micallef et al., 2011; Taviani et al., 2013) , mostly in the form of pockmarks, occasionally associated with methane-imprinted carbonates (Capozzi et al., 2012; Cangemi et al., 2010; Angeletti et al., 2015; Taviani et al., 2015) . In the westernmost part of the Central Mediterranean Sea, the Tyrrhenian Sea, little evidence of past and present fluid circulation was found in the deep sea, except for the Paola Ridge, along the NW Calabrian margin (Fig. 1 ). This area, surrounded by hydrothermally active vent sites (Peters et al., 2011; Passaro et al., 2016) , has been described as a site of seepage, gas venting at the seafloor and precipitation of methane-related authigenic carbonates (Gamberi and Rovere, 2010; Rovere et al., 2014 Rovere et al., , 2015 .
Although authigenic calcite and aragonite have commonly been used for geochemical characterization of seeping fluids and paleoenvironmental reconstruction at recent (e.g., Himmler et al., 2010; Peckmann et al., 2001; Peckmann and Thiel, 2004; Capozzi et al., 2012; Magalhães et al., 2012) and fossil (e.g., Blumenberg et al., 2015; Cau et al., 2015; Viola et al., 2015) methane seeps, the occurrence of authigenic siderite at seepage sites is less documented (Fritz et al., 1971; Curtis et al., 1972; Mozley and Wersin, 1992; Rongemaille et al., 2011) . Siderite nodules have been reported in modern settings associated with methane seepage (Niger delta; Rongemaille et al., 2011) or methane hydrate decomposition (Black Outer Ridge; Matsumoto, 1989) , and with highly ferruginous, low-sulfate, anoxic lake waters (e.g., Wittkop et al., 2014) . Despite the wide occurrence of sedimentary siderite little is known about the chemical conditions in which siderite forms in deep marine settings. Siderite is a common early diagenetic mineral that likely records the chemistry of the mineralizing fluids providing insights into the characteristics of the depositional environments (Mozley and Wersin, 1992) . Pioneering studies of deep marine sediments, argued that the isotopic composition of siderite might be the result of the incorporation of deep circulating fluids (Clayton and Epstein, 1961; Muehlenbachs and Hodges, 1978; Cocker et al., 1982) .
To characterize the pattern of fluid seepage that has triggered the precipitation of authigenic minerals at Paola Ridge, whole rock geochemistry (REE) and stable isotope (carbon and oxygen) composition were investigated. REE composition of carbonates has successfully been applied to the reconstruction of seeping fluids composition and redox conditions in both recent (e.g., Himmler et al., 2010; Hu et al., 2014) and ancient (e.g., Nothdurft et al., 2004; Feng et al., 2009; Franchi et al., 2015 Franchi et al., , 2016 settings. The variation of the REE pattern from the standard seawater composition (e.g., Zhong and Mucci, 1995; Zhang and Nozaki, 1998 ) is related to either mixing processes between methane-rich and hydrothermal fluids (e.g., Kamber et al., 2004; Feng et al., 2009) or modification of pore water redox conditions (Kim et al., 2012; Hu et al., 2014) .
Although extensive literature deals with the characterization of authigenic precipitates at methane seeps, few cases are known where pyrite, siderite, dolomite and calcite/aragonite concretions occur in the same setting. The presence of siderite concretion alongside with pyrite concretion and the occurrence of calcite/ aragonite concretions lined by dolomite crusts make the Paola Ridge an unparalleled laboratory for marine and petroleum geologists interested in the study of the interaction between mineralizing fluids and sub-bottom sediments.
Starting from the assumption that authigenic pyrite, siderite and calcite precipitate under different chemo-physical conditions, this paper aims at unraveling the dynamic processes occurring in the sub-bottom sediments of Paola Ridge (southern Tyrrhenian Sea) and provides an alternative interpretation of peculiar domed morphologies hitherto considered as mud volcanoes (Gamberi and Rovere, 2010; Rovere et al., 2014 Rovere et al., , 2015 . By coupling trace elements and REE distributions and the d 13 C (‰ V-PDB) and d
O (‰ V-PDB)
values, the source of the seeping fluids and redox condition during carbonate precipitation have been defined. This work aims at providing for the first time a detailed genetic scenario for the formation of diverse authigenic products precipitated under different chemo-physical conditions considering the dynamism at methane seepage sites. These consist of CO 2 venting, intermittent methane seepage and migration of the SMTZ for the formation of authigenic minerals along the Paola Ridge.
Geological setting
The Paola Ridge is a NNW-SSE 60-km-long and ca. 500-m-high anticline that confines the Paola Basin westward along the continental slope of the NW Calabrian margin (Fig. 1) . The Paola Basin lies at the rear of the Calabrian Arc (inset of Fig. 1 ) in the upper plate of the Ionian subducting system (Faccenna et al., 2011) . The Paola Basin, along with other basins along the Italian margins, originated from the extensional tectonics connected to the southeast migration of the Apennine Thrust Belt, this led to the opening of the Tyrrhenian Sea back arc basin, (see Milia et al., 2009; Gutscher et al., 2015 and references therein) .
Cold seeps were first identified between 700 and 900 m water depth along the Paola Ridge with the aid of full-ocean depth multibeam and backscatter data (Gamberi and Rovere, 2010) . The cold seeps are located on 2 structures initially defined as mud volcanoes (RMV and R1MV structures; Gamberi and Rovere, 2010; Rovere et al., 2014 ) and 3 main mud diapirs (D1, D2, D3), characterized by the presence of large fields of pockmarks (Fig. 1) .
Higher resolution geophysical data acquisitions and seafloor sampling campaigns were carried out in 2011 and 2014 (Rovere et al., 2014) . During these campaigns active gas venting at the seafloor, gas plumes in the water column and precipitation of FeMn-oxy-hydroxides, sulfide and siderite in the sub-seafloor of the mud volcanoes were detected (Rovere et al., 2014 . Authigenic calcite and aragonite concretions were found in the near subbottom sediments on the mud diapirs. These carbonates are associated with chemosymbiotic bivalves, whose radiocarbon indicated ages from a few centuries to at least the past 40 kyrs .
All the structures in the area are confined and controlled by normal faults, which represent the offshore prolongation of the fault zones dissecting the Calabrian Arc on land and are thought to play a key role in driving the fluid seepage, especially in the diapirs D1 and D2 (Rovere et al., 2014) .
Materials and methods
Bathymetry, seafloor backscatter and seismic data, gravity-and box-coring samples were acquired in the Paola Ridge area aboard the R/V Urania in 2011 and 2014 (Rovere et al., 2014 . Whole core magnetic susceptibility profiles were obtained by means of a (Rovere et al., 2014) . See Table 1 for samples description. Inset: subduction system of the central Mediterranean area with location and depth of the subduction slab projected over the study area (box). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Bartington MS2 meter coupled with a MS2C core-logging sensor at 2 cm spacing.
Core description
The schematic logs of all the sampled cores are shown in Fig. 2 . The sediment cores GC03 and GC17 were sampled at water depths of respectively 550 and 725 m in venting sites of the RMV structure (Fig. 1) . GC28 was sampled at a venting site on the R1MV structure. The sediments were deformed and disrupted by gas expansion in the core barrel during the recovering of the coring device. Sulfide and siderite samples were present at different depths (Fig. 2) . The sediment cores GC12 (1055 m water depth), GC26 (579 m water depth) and GC29 (707 m water depth) were collected on the R1MV structure ( Fig. 1) , where gas was apparently trapped 2e3 m below the seafloor. Degassing slowly started when the cored samples were already stored on the deck of the ship, resulting in the formation of expansion cracks (Fig. 2) . The core GC12 was collected in the lower slope of the R1MV structure. The cores GC07, GC08 and GC10 were collected on the top of the RMV structure ( Fig. 1 ) and showed features similar to the previously described expansion cracks. They were collected from sites of either slow gas venting or where gas was trapped below the seafloor. The core GC10 was collected at 870 m water depth, in the lower slope of the RMV structure, similarly to GC12, where seismic transparent bodies, interpreted as mudflows, trap the gas a few meters below the seafloor (cf. Rovere et al., 2014) . The cores GC15 and GC16 were sampled on the D1 diapir at 520e550 m water depth (Fig. 1) . The GC15 core penetrated the sediment down to a depth of 4.27 m, whilst the core barrel of GC16 captured some carbonate concretions at the seafloor (Cal-C, Cal-N; Fig. 2 ). Core GC15 was characterized by evidence of past intense bioturbation and frequent shell fragments of bivalve mollusks typical of reducing environments, associated with abundant decapod claws (Fig. 2) . The cores GC20, GC21 and GC25 were collected between 653 and 694 m water depth across a fault scarp that dissect the D2 diapir (Fig. 1) . Core GC20 impacted against a 10-cm-thick aragonite substrate located 1 m below the seafloor. Aragonite was associated with chemosymbiotic bivalves (cf. Rovere et al., 2014 Rovere et al., , 2015 and abundant remnants of the decapod Calliax sp. (Fig. 2) . Core GC25 also impacted an aragonite crust, which was located 1 m below the seafloor and associated with chemosymbiotic bivalves. The box core BC25, collected in the same sampling station of core GC25, contained aragonite with vuggy and spongy fabric (Cal-H, Table 1 ). Core GC21 penetrated in the sediment for 4.4 m. Bioturbation and abundant fragments of chemosymbiotic bivalves were observed throughout the sediment succession. An aragonite crust was found in the coring samples, between 2 m and 2.40 m below the seafloor (Fig. 2) .
From (Table 5 ) and v) muddy sediments ( Table 6 ). The petrographic-and microfacies-based analyses were performed using standard petrographic thin sections at Istituto di Scienze Marine-Consiglio Nazionale delle Ricerche (ISMAR-CNR) and Earth and Environmental Science Department at Botswana International University of Science and Technology (BIUST). . Some of the samples, listed in Table 1 , are also outlined along the core logs. All the cores displayed in the figure were collected during the MVP11 cruise.
Gas and water samples
Since strong degassing was noticed once cores were brought to the surface, gases from the discharging vents were collected from the R1MV (MB14_BC05, Fig. 1 ; Table 7 ) and the RVM structures (MB14_BC09, Fig. 1 ; Table 7 ). The gas samples ware then transferred into a 250 mL pre-evacuated glass flask by using a silicon tube inserted into the water vent for major components and d 13 C-CO 2 (see methods in Vaselli et al., 2006) .
Five seawater samples (Table 8) were collected at the interface with the sea bottom by means of a rosette sampler alongside R1MV (MB14_ROS5, MB14_ROS6 and MB14_ROS7) and RMV (MB14_ROS8 and MB14_ROS9) . Once retrieved at the surface, each water sample was divided into two aliquots and both filtered at 0.45 ȶm. The first one was transferred to a 125 mL plastic bottle for the determination of the main anions while the second one was acidified with 0.5 mL of suprapur HCl in a 50 mL plastic bottle for the analysis of the main cations. Eventually, a third aliquot was transferred to pre-weighed 100 mL glass bottles, where 5 mL of a 1M Na 2 CO 3 solution were previously added, for the determination of free-CO 2 . Sampling procedures followed the protocol described in Cabassi et al. (2011) .
Analytical procedure
Bulk mineralogy was analyzed by X-ray diffraction on powdered samples using a Philips PW 1050/37 diffractometer, with a Cu anode (40 kV accelerating voltage and 20 mA current), a graphite monochromator and the X'Pert PRO Philips acquisition system (detection limit 4%). The analyses were carried out with a goniometry speed of 2q /min, in a scanning range 5e70 2q for the rock samples and 2-32 2q for the clay fraction.
Sub-samples for geochemical analyses were powdered using a planetary mill equipped with 4 grinding agate bowls. Major and trace elements (Tables 2e6, supplementary materials S1) were analyzed by X-ray fluorescence (XRF), using a Rigaku II wavelength dispersive spectrometer with a Rh anode on pressed pellets of bulk sample powder, and inductively coupled plasma -mass spectrometry (ICP-MS) at the ACME Laboratories (Canada). Seven additional samples of siderite were analyzed at Activation Laboratories LTD (Canada). In the first set of analyses the powdered samples, weighed (about 0.2 g) in PTFE tubes, were dissolved with the three-acid (HCl-HF-HNO 3 ) dissolution method, in a microwave oven. From each sample, an aliquot of approximately 5mL was then transferred to 10 mL tubes and placed in an automatic sampler and analyzed with an Agilent 700 Series ICP-MS. In the second set of analyses (Table 3) the fusion procedure followed the lithium metaborate/tetraborate protocol developed by Activation Laboratories (code 4B and 4B2; see http://www.actlabs.com/). Samples were mixed with a flux of lithium metaborate and lithium tetraborate and fused in an induction furnace. The molten melt was immediately poured into a solution of 5% nitric acid containing an internal standard, and mixed continuously until completely dissolved. Each batch of samples contained a method reagent blank, a certified reference material and 17% replicates. The samples were then investigated for their trace elements and REE composition using a Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP-MS. Three blanks and five controls (three before each sample group and two after) were analyzed during each batch of samples. Duplicates were fused and analyzed every 15 samples (instrument was recalibrated every 40 samples). Accuracy for trace element determinations was ca. 5% for element concentrations >10 ppm and 10e15% for lower concentrations. Detection limits for XRF and ICP-MS analysis were ca. 3 and 0.1 ppm, respectively.
The relative abundances of REE were normalized to the Post Archean Average Australian Shale (PAAS, Taylor and McLennan, 1985) , representing the estimated average terrigenous input to the oceanic environment. We calculated SREE, Y/Ho, Ce, Eu and Gd anomalies (Tables 2e6) 
Stable isotopes (C and O) measurements were performed on powdered samples and were carried out using the Finnigan Delta S mass spectrometer at the Department of Physical and Geological Sciences of the University of Parma (Italy). Prior the analysis the powdered samples were ignited under vacuum at 550 C to remove all organic matter. Then the samples were transferred to 25 mL flasks equipped with a glass tap and reacted with 4 mL of 100% anhydrous phosphoric acid at 25 C after degassing H 3 PO 4 under vacuum. The samples were successively treated for selective acid extraction (see protocol in Al-Aasm et al., 1990) . The results were reported in the conventional d‰ notation against the V-PDB (Vienna Pee Dee Belemnite) standard with a reproducibility of ±0.3‰. Standards used for estimation of external precision were Carrara and San Vincenzo marbles (Internal), NBS18 and 327 NBS19 (International), whereas the analytical error and the reproducibility were ±0.05‰ and ±0.1‰, respectively (see Vaselli et al., 2006) .
Inorganic low-solubility gases (Table 7) were analyzed by gaschromatography (GC) using a Shimadzu 15A equipped with a 10 m long 5A-molecular sieve column and a thermal conductivity detector (TCD). Methane was analyzed using a Shimadzu 14A gas chromatograph equipped with a 10-m-long stainless steel column packed with Chromosorb PAW 80/100 mesh coated with 23% SP 1700 and a flame ionization detector (FID) following the protocol described in Passaro et al. (2016) .
The seawater samples (Table 8) 
Results

Petrography of the concretions
Calcite/aragonite concretions
Calcite/aragonite concretions, collected from different depths (Table 1) , are only found in cores located on D1 and D2 structures (Fig. 2) . The concretions are a few centimeters across, showing variable degree of lithification from poorly cemented to more lithified types (Fig. 3A) . These concretions are mainly mudstone/ wackestone with foraminifera remnants cemented by mottled to homogeneous micrite (Fig. 4A) . Patches of sandy limestone were also observed. Porosity is generally low and vugs are filled with sparry calcite and less abundant fibrous cements. The concretions are mainly composed of aragonite with subordinate calcite and abundant terrigenous components (Table 1 ; Fig. 4A ). Dolomite occurs as patchy cements within vugs or as millimeter-thick crusts lining the concretions. Two concretions (Cal-B and Cal-AA) consist of calcite and dolomite cemented shells of chemosymbiotic Table 1 Sampling stations ( Fig. 1 ), depth and description of the samples (sediments, concretions, water and gas). Mineralogical and stable isotope composition of limestone and siderite samples is also provided. Data from Rovere et al. (2015) are highlighted in gray.
Site Sampling Station
Sample Mineralogy Fig. 2 ).
Siderite concretions
Siderite concretions are only found in cores from the gas venting structures R1MV and RMV (Fig. 2) . Siderite crusts and small tubular concretions ( Fig. 3BeD) are embedded within the muddy sediments. The tubular concretions are normally a few centimeters long and less than 2 cm wide (Fig. 3CeD) . In thin section, the concretions display a concentric zonation due to alternating reddish and dark brownish bands (Figs. 3C and 4B) . These concretions are made up of dominant siderite with subordinate calcite and terrigenous minerals (quartz, muscovite, plagioclase, etc.). Most of the concretions consist of microcrystalline siderite, locally showing a clotted fabric. The terrigenous particles are mostly silt-sized and poorly sorted while the clasts of quartz are angular to sub-rounded. Generally the outer part of the tubular concretion appears turbid with a mottled fabric (Fig. 4B ). Thin crusts of sulfides lined the inner part of the tubular concretion (Fig. 4B) .
Two samples of siderite (Cal-FF and Cal-E) are coarse-grained, composed of coarse crystalline siderite with an equigranular hypidiotopic to xenotopic fabric (Fig. 4C ).
Sulfide and Fe-Mn-oxy-hydroxide concretions
Sulfide concretions are dominated by pyrite and marcasite. Concretions of native sulfur were also observed . They have high porosity and are typically a few centimeters across (Fig. 5) . The sulfide form either isopachous crusts (Fig. 6A ) or aggregates of anhedral and granular pyrite around small and coarse terrigenous clasts ( Fig. 6B and C) .
The Fe-Mn-oxy-hydroxide concretions are mostly made up of microcrystalline hematite with minor amount of goethite. Terrigenous material was ubiquitous and likely dominant in the bulk rock. 
Muddy sediments
These sediments are vuggy to cohesive, gray to brownish mud and sandy mud. Quartz is the main component while feldspar (albite and microcline) and other silicates (muscovite, illite, kaolinite) are subordinate. Mud is mostly deformed, dissected by fractures and locally present trace of bioturbation (Fig. 2) .
Stable isotopes
The studied carbonates show a relatively wide range of carbon and oxygen isotopic composition (Table 1 (Cal-A) to 9.9‰ (Cal-R) V-PDB (Table 1 ; Fig. 7 ). The sulfur isotopic compositions of one pyrite concretion and one native sulfur concretion were À32.7‰ and À15.3‰ V-CDT, respectively.
Major and trace elements
Major element concentrations of calcite/aragonite, siderite, sulfide, Fe-Mn-oxy-hydroxide and mud samples are reported in Tables 2e6 while trace element contents are listed in the supplementary material (S1).
Calcite/aragonite concretions were characterized by high CaO (up to 43.16 wt%) and relatively high SiO 2 contents (average 16.51 wt%; Table 2 ). Iron content (as Fe 2 O 3 ) was generally lower than 5 wt% within calcite/aragonite concretions (Table 2) . Siderite samples showed high Fe contents (between 36.23% and 53.94%) and average SiO 2 contents of 12.21 wt% (Table 3) . Averaged CaO and MgO contents of the siderite concretions were 3.24 wt% and 1.32 wt %, respectively (Table 3 ). The average SiO 2 content in sulfide concretions was about 16.55 wt% (Table 4) , whereas Fe-Mn-oxyhydroxides showed higher SiO 2 contents (up to 36.12 wt%). The relatively low MnO contents (average 0.17 wt%; Table 5 ) of the FeMn-oxy-hydroxides suggest that the concretions were mainly Feoxy-hydroxides. SiO 2 (average 37.66 wt%), Al 2 O 3 (average 14.62 wt%) and Fe 2 O 3 (average 6.97 wt%) dominated the muddy sediments whilst the CaO average content was 4.95 wt% (Table 6 ).
The distribution of redox-sensitive trace elements, namely U and Mo, has been investigated (Supplementary Materials, S1). Calcite/aragonite concretions show consistent concentrations of U ranging between 5.3 and 28.5 ppm. The Mo contents in the calcite/ aragonite concretions are highly variable with values between 0.9 and 56 ppm. Siderite concretions yielded U values ranging between 0.4 and 13.5 ppm. Even the siderite concretions displayed highly variable Mo concentrations ranging between 1.1 and 84 ppm. Relatively large concentrations ranges of U and Mo were also showed by sulfide (0.8e12.6 ppm and 11e254.2 ppm, respectively), Fe-oxy-hydroxide (9.2 ppm and 62.7 ppm, respectively) and mud (2.6e13.3 ppm and 0.7e77.8 ppm, respectively) samples.
REE patterns
REE concentrations of calcite/aragonite, siderite, sulfides, Feoxy-hydroxide concretions and muddy sediments are reported in Tables 2e6 PAAS-normalized REE patterns are plotted in Figs. 8 and 9. The average REE patterns within the investigated samples vary according to the different lithotypes.
Total REE contents in the limestone samples range between 60.7 Table 3 Major oxides (wt. %) and trace elements (ppm) composition of siderites from the Paola Ridge. In gray, the chemical composition measured in a second laboratory (see text for further explanations). and 107.6 ppm ( Table 2) . Highly variable SREE contents were detected in the siderite samples as they range from 33.5 to 153.9 ppm (Table 3) . Sulfides and Fe-oxy-hydroxides also showed highly variable SREE contents ranging from 18.1 to 132.5 ppm and from 170.9 to 318.0 ppm, respectively (Tables 4 and 5) . A general enrichment of REE was recognized in the muddy sediments ( (Table 6 ).
Gas and water analyses
Gas samples from fast venting sites (MB14_BC05 and MB14_BC09; Tables 1 and 7; Fig. 1 ) revealed a chemical composition dominated by CO 2 (up to 98.73% by vol.) and subordinately by N 2 (up to 1.26% by vol.) and methane (<0.06% by vol.). The carbon and oxygen isotopic ratios of CO 2 were À1.8 and À1.1 (V-PDB ‰) and À2.4 and À4.4 (V-PDB ‰), respectively ( Table 7) .
The chemical composition (in mg L
À1
) of the water samples collected from the rosettes is reported in , respectively) and the alkalinity (up to 243 mg L À1 ) were slightly higher than those in the mean ocean water. Free-CO 2 contents were between 11.2 and 14 mmol L
.
Discussion
Characterization of authigenic minerals
The sub-bottom sediments at Paola Ridge (few cm to few meters below the seafloor, Fig. 2 ) are characterized by abundant concretions, mainly consisting of calcite/aragonite and siderite (Table 1) . Aragonite represents a typical precipitate at methane seeps where microbial activity induces the increase of alkalinity in pore solutions by AOM and the consequent precipitation of authigenic carbonates (e.g., Taviani, 2001; Peckmann and Thiel, 2004; Campbell et al., 2008; Taviani et al., 2015) . At methane seeps, aragonite precipitation is thought to be favored by the presence of sulfate ions, which on the other hand inhibit dolomite precipitation (e.g., Magalhães et al., 2012; Zhang et al., 2012) . Therefore, aragonite concretions can be related to a genetic environment close to the seafloor characterized by high alkalinity and sulfate concentration (e.g., Peckmann et al., 2009; Hu et al., 2014) . The precipitation of authigenic aragonite and calcite at Paola Ridge only occurs within the sediments of D1 and D2 diapirs, near the seafloor within the SMTZ (Rovere et al., 2014 during periods of moderate to intense seepage when SMTZ migrates upward. In the calcite/ aragonite samples, dolomite is only found as thin crust lining the calcite/aragonite concretions and it is likely precipitated at a different stage of the seepage. Precipitation of dolomite is indeed favored by low concentrations of sulfate (Magalhães et al., 2012) and therefore, it is unlikely to form together with aragonite or at present day conditions with up to 3918 mg L À1 of SO 4 2À in the bottom seawater (Table 8) . Nevertheless, recent studies demonstrated how high sulfide concentration, rather than low sulfate, favors dolomite precipitation at sites of methane seepage (Zhang et al., 2012; Taviani et al., 2015) . At times of intense seepage the SMTZ is pulled further upward through the subseafloor sediment and the sulfates in the shallow sediments are more efficiently consumed releasing Mg-ions. Consequently, under such conditions the Mg/Ca ratio increases and dolomite precipitates (e.g., Magalhães et al., 2012) . In this scenario the precipitation of dolomite likely records an additional surge in seepage activity following the first seepage increase responsible for aragonite/calcite concretion precipitation. Pyrite is another common authigenic mineral found at methane seeps (e.g., Peckmann and Thiel, 2004; Cavalazzi et al., 2014) where the bacterial-mediated sulfate reduction fosters the precipitation of pyrite rather than that of siderite (e.g., Curtis et al., 1972) . Interestingly, in the study area, pyrite and siderite are characteristic of the core sediments from the RMV and R1MV structures, where carbonate/aragonite concretions are lacking (Fig. 2) . However, pyrite and siderite never co-occur in the same concretion (Table 1; Figs. 2e6). Mozley and Wersin (1992) demonstrated that siderite precipitation is favored by suboxic conditions coupled with low organic matter content and low sedimentation rate, and strongly reducing conditions. Generally, siderite formation is favored by low sulfide activity under anoxic conditions (Taylor and Curtis, 1995; Rovere et al., 2015) and therefore occurs outside the sulfate reduction zone, where organic matter fermentation (i.e. methanogenic zone) occurs (Matsumoto, 1989; Carothers et al., 1988; Hicks et al., 1996; Hein et al., 2006; Wittkop et al., 2014) . The methanogenic zone provides conditions suitable for preferential precipitation of siderite (e.g., Berner, 1981; Mozley and Wersin, 1992) with respect to that of pyrite (e.g., Rovere et al., 2015) . Therefore, the co-occurrence of pyrite and siderite in the same sampling sites has to be explained with the dynamics of the environment itself and must be related to fluctuation in the intensity of fluid seepage and gas venting. On RMV and R1MV structures, during periods of sustained gas venting, the abundance of sulfate within the sea water increases (Table 8 ) and sulfate reduction favors pyrite precipitation and would inhibit siderite precipitation. This hypothesis is supported by the concentrations of SO 4 2À at the bottom seawater (Table 8) , which were >20% higher than that of the Mediterranean Sea. During periods of lower gas discharges the SMTZ deepens and decreased sulfide concentration is associated with the increase of dissolved Fe 2þ in the shallow sub-bottom sediments, thus facilitating the precipitation of siderite (e.g., Curtis et al., 1972) . Alk.: total alkalinity. n.d.: not determined. 
Isotopic composition of carbonates and origin of mineralizing fluids
The calcite/aragonite concretions are characterized by negative (Kim and O'Neil, 1997) , aragonite (Kim et al., 2007) , dolomite (Vasconcelos et al., 2005) and siderite (Fernandez et al., 2016) precipitated in isotopic equilibrium with seawater are expected to be of 1.5‰, 2.2‰, 4.5‰ and 5.6‰ (V-PDB), respectively. O enrichment in carbonates has previously been explained by different processes occurring in the sedimentary environment, as follows: 1) dissociation of gas hydrates that releases 18 O-rich water in the sediments (e.g., Matsumoto, 1989; Bohrmann et al., 1998; Aloisi et al., 2000; Maekawa, 2004; Hein et al., 2006) ; 2) interaction with hydrothermal fluids that may yield values as high as 6.5‰ (Clayton and Epstein, 1961) ; 3) dehydration of clay minerals at great burial depths (D€ ahlmann and de Lange, 2003); 4) crustal/igneous CO 2 circulation (Muehlenbachs and Hodges, 1978; Clayton and Epstein, 1961; Cocker et al., 1982) ; 5) precipitation of carbonates during glacial times when lower temperatures and isotopically heavier seawater caused a 3e4‰ d
18 O-shift of carbonates in the Mediterranean Sea (e.g., Vergnaud-Grazzini, 1971 ). Other sources of heavy oxygen can be due to the circulation of deep crustal water (e.g., L ecuyer and Allemand, 1999). L ecuyer and Allemand (1999) discussed how the significant enrichment in 18 O of ophiolitic complexes (up to 8‰; L ecuyer and Fourcade, 1991) would explain the shift toward higher d
18 O values of the circulating water. These authors proved that at depth between 1.5 and 3.5 km the increase of temperature induces a large oxygen fractionation between the igneous rocks and seawater resulting in lower d
18 O values within the rocks at the expense of the reacting water. The presence of active venting of CO 2 along RMV and R1MV (Tables 1 and 7) suggests that the likely source of heavy oxygen isotopes in siderite concretions can be related to deep fluids circulation (e.g., Clayton and Epstein, 1961; L ecuyer and Allemand, 1999; Lietard and Pierre, 2009 ). The presence of CO 2 -rich gas discharges, characterized by d 13 C-CO 2 values slightly lower than À1‰ V-PDB (Table 7) , certainly suggests the presence of a deep-seated source feeding these gas vents. Such values are indeed similar to those found in the fumarolic gas discharges from the Island of Volcano (e.g., Paonita et al., 2002) and Solfatara, Somma-Vesuvius and related submarine emissions (e.g., Chiodini et al., 2001; Caliro et al., 2007; Vaselli et al., 2011; Passaro et al., 2016 ) and many gas vents distributed along the peri-Tyrrhenian strip (e.g., Minissale et al., 1997) of the Italian peninsula. The origin of the periTyrrhenian vents is mainly related to thermometamorphic processes of marine limestone, although small contributions from a magmatic source cannot be excluded. In addition, the concentrations of free-CO 2 within the Paola Ridge bottom sea water showed relatively high values, which corroborate the contribution of deepseated CO 2 to the gas discharges. At Paola Ridge CO 2 -rich-gas venting was only recorded along the RMV and R1MV structures suggesting a possible interaction between CO 2 venting and siderite precipitation and therefore a likely 18 O enrichment of the iron carbonates related to crustal/igneous CO 2 circulation (Muehlenbachs and Hodges, 1978; Clayton and Epstein, 1961; Cocker et al., 1982) . Although CO 2 -rich sediments are usually considered unsuitable for carbonate precipitation, siderite precipitation has previously been reported at the oxic-suboxic transition in places where venting CO 2 reacts with reduced iron within the sediments (Bahrig, 1988; Mozley and Wersin, 1992) .
The Y/Ho ratio is considered a strong indicator of deep fluid circulation and REE fractionation (e.g. Klinkhammer et al., 1994; Bau and Dulski, 1999) . Y and Ho are considered chemical twin and therefore are expected to have a similar geochemical behavior in seawater (e.g., Zhang et al., 1994; Bau, 1996; Nozaki et al., 1997) . The geochemical twins Y and Ho remain tightly coupled in common igneous rocks and epiclastic sediments, leading to the maintenance of the chondritic Y/Ho ratio of about 26e28 (Bau, 1996 and references therein). On the contrary, modern seawater and related marine precipitates are often characterized by super-chondritic (up to 90) Y/Ho ratio (Bau, 1996; Zhang et al., 1994; Bau et al., 1997; Nozaki et al., 1997) . The carbonates from Paola Ridge show average Y/Ho ratio of ca. 31 (Tables 3 and 4) , close to chondritic values and lack the linear correlation between Y/Ho and La anomaly characteristic of modern seawater signatures (e.g., Bau, 1996; Webb and Kamber, 2000; Allwood et al., 2010; Franchi et al., 2015) . Deep fluids, including hydrothermal fluids, have higher concentrations of REE compared to seawater and chondritic Y/Ho ratios (e.g., Klinkhammer et al., 1994; Bau and Dulski, 1999) . Venting of deepseated fluids may therefore induce a Y/Ho near-chondritic ratio coupled with SREE enrichment and sensible increase of LREE contents (e.g., Michard, 1989; Klinkhammer et al., 1994; Bau and Dulski, 1999) . Rovere et al. (2014) performed AMS radiocarbon age dating on chemosymbiotic bivalves collected from the very shallow sediments of the Paola Ridge (alongside diapirs D1 and D2, down to about 1 m below the seafloor) revealing calibrated age ranging between 440 BP and 13,710 BP suggesting a prolonged seepage activity. Notwithstanding, investigations on present day venting gas and bottom seawater highlighted the absence of substantial concentrations of methane (Tables 7 and 8) . Normally, at sites of vigorous methane seepage the presence of methane can be detected within samples of water throughout the water column up to very shallow depth (see Sommer et al., 2015) and gas bubbles at the surface might still contain up to 25% of the original methane (Sommer et al., 2015; Schneider von Deimling et al., 2015) . . PAAS-normalized REE patterns of siderite concretions (* refers to the second series of analyses, see Table 3 ).
Nevertheless, as far as the sampled waters are concerned, their chemical composition is approaching that of the oceanic water reported by Taylor and McLennan (1985) , though slightly more alkaline (Table 8) , as typical of relatively closed basin such as the Mediterranean Sea. The general lack of methane in both venting gases and bottom sea water at Paola Ridge suggests that the methane seepage, active for the last 10 k year (40 k years according to Rovere et al., 2015) , is currently minimal.
Redox conditions during sedimentation
The distribution of the different authigenic mineral concretions is likely reflecting a biogeochemical zonation of the sediments from oxic conditions to AOM/sulfate reduction to methanogenesis . The fluctuation of seepage activity and change in fluid composition likely influenced the redox conditions during the precipitation of the authigenic minerals.
The REE pattern of marine carbonates can be used as a geochemical proxy for the reconstruction of fluid composition and physical-chemical variations (Elderfield and Greaves, 1982; German and Elderfield, 1990; Bau et al., 1997; Franchi et al., 2015, 2016 and references therein) . Several studies showed that REE are not affected by fractionation processes during precipitation of aragonite and calcite (see discussion in Rongemaille et al., 2011) whereas REE distribution tends to vary significantly in sediments according to the redox variations within the pore water (e.g., Haley et al., 2004) . Nevertheless, the use of carbonates as a proxy for the REE content of ancient seawater is complicated by possible modification due to the presence of: i) REE-bearing terrigenous components (Goldstein and Jacobsen, 1988; Elderfield et al., 1990) ; ii) Fe-Mnoxy-hydroxides Bayon et al., 2004) and iii) phosphates, which might have a non-uniform REE incorporation (German and Elderfield, 1990; Byrne et al., 1996) . To avoid the terrigenous contamination, Rongemaille et al. (2011) proposed the usage of weak acetic acid solution (5% v/v) for quantitative leaching of carbonate samples. Nevertheless, the authors concluded that a weak acid leaching is not appropriate to achieve complete dissolution of siderite. An alternative method suggests the stepwise dissolution of carbonates by means of 5% v/v acetic acid with removal of the initial and final leachates (Zhang et al., 2015) . Also in this case the authors do not mention the efficiency of the method in leaching siderite. Hence, a total dissolution method has been adopted in this work and possible contaminations were verified by using a correlative method (Fig. 10) .
Normalized REE patterns of the calcite/aragonite concretion under investigation (Fig. 8A ) displayed a non-marine seawater trend (e.g., Zhang and Nozaki, 1996) . This particular pattern can be due to the presence within carbonate of terrigenous matter, in particular clay minerals, which are able to mask the seawater signature (e.g., Murray et al., 1991; Oliver and Boyet, 2006) . Al 2 O 3 , SiO 2 , Zr and Rb distributions are considered proxies for concentrations of terrigenous matter since they closely correlate with the clay content. Despite the high Al 2 O 3 and SiO 2 contents (weight % on the bulk sample; Table 2), there is no clear correlation (R 2 ¼ 0.52 and 0.54, respectively) with LREE and SREE (Fig. 10AeD) . On the other hand, Zr and Rb are weakly correlated with SREE ( Fig. 10F and G), suggesting a possible contribution from acid-leached terrigenous minerals (see Zhang et al., 2015) to the overall REE budget (Fig. 10AeG) . Other potential contaminants, such as Fe-and Pcompounds (German and Elderfield, 1990; Reynard et al., 1999; Bayon et al., 2004; Bau and Koschinsky, 2009) do not show significant correlations with SREE and LREE (Fig. 10HeI) in the calcite/aragonite concretions. Apart from potential contamination of siliciclastic matter, a flat REE pattern coupled with the lack of a Ce anomaly might indicate that the calcite/aragonite concretions precipitated within relatively highly alkaline pore water (e.g., Pourret et al., 2008) and incorporated high amounts of organic matter brought into solution during the leaching procedure (Zhang et al., 2015) . The leaching of adsorbates such as organic matter might induce a weakening of the Ce anomaly and decrease the overall Y/Ho ratio (Zhang et al., 2015) . The hypothetical mixing patterns between the limestone and Fe-oxy-hydroxide components do not produce any sensible variation in the REE fractionation, even though the REE content considerably increases (Fig. 11A) . Both limestone and Fe-oxy-hydroxide REE patterns are relatively flat (average Pr SN /Yb SN ¼ 1.10 and 1.01, respectively) with a slight MREE enrichment (Gd SN /Yb SN ¼ 1.28 and 1.45, respectively), which is typical of precipitates formed in oxic to sub-oxic pore water (Haley et al., 2004) . Under such conditions the REE pattern lacks Ce and Gd anomalies and the precipitates are expected to inherit these characteristics from the reacting water. The REE patterns of the siderite concretions (Fig. 9) show a general depletion of LREE and a quasi-marine trend (cf. Zhang and Nozaki, 1996) with strong HREE enrichment. Within siderite samples Al 2 O 3 , SiO 2 , Rb and Zr do not correlate with LREE and SREE (Fig. 10AeE ) ruling out any terrigenous contamination. Similarly, contamination by Fe-Mn-oxy-hydroxides and phosphates can be considered negligible or absent as no correlation between Fe and P and LREE and SREE is recorded ( Fig. 10H and I ). The strong LREE fractionation found in the siderite concretions points toward a slow formation close to the exchange equilibrium of adsorbed/dissolved REE and Y under reducing conditions (see Fig. 1 in Mozley and Wersin, 1992) . The prolonged anoxic conditions, high pore water alkalinity and high Fe concentration are also suggested by the enrichment of MREE (Haley et al., 2004) and the lack of a Ce anomaly (see discussion below). The siderite precipitation rate is eight orders of magnitude slower than that of calcite (Jimenez-Lopez and Romanek, 2004) and therefore, the formation of siderite concretions is likely to be stable under supersaturated conditions fostering LREE fractionation. The hypothetical siderite and Fe-oxy-hydroxide mixing (Fig. 11B) shows that i) the increase of Fe-oxy-hydroxides incorporation in the siderite concretions might induce a general increase of LREE concentration and a flattening of the REE pattern similar to that detected in the average limestone concretions and ii) siderite and Fe-oxy-hydroxide have an opposite rate of Y complexation and similar HREE concentration. The lack of LREE fractionation in the Fe-oxy-hydroxides from Paola Ridge (Fig. 8) may be due to a rapid deposition (e.g., under oxic conditions. The Ce anomaly is a valuable tool for unraveling the redox condition at time of authigenic mineral precipitation (e.g., Hu et al., 2014) . The value of the Ce anomaly is thought to be indicative of redox state (Haley et al., 2004 and citations therein), being negative (ca. 0.2e0.4) under oxygenated conditions and positive under anoxic conditions (e.g., Olivier and Boyet, 2006; Hu et al., 2014; Tostevin et al., 2016) . Nevertheless, it has been observed that the presence/absence of a negative Ce anomaly in authigenic methaneimprinted carbonates can be due to mineral formation in high pore water alkalinity where organic matter occurs (Pourret et al., 2008; Kim et al., 2012) to the intermittent oxygenation of sediments (Birgel et al., 2011; Hu et al., 2014) and can be also affected by leaching procedure (Zhang et al., 2015) . Discontinuous fluids discharge and downward flow of sea water during periods of reduced seepage can produce carbonates with a particular geochemical signature and disguise the original Ce anomaly (Solomon et al., 2008; Kim et al., 2012; Hu et al., 2014) resulting in a Ce/Ce* ratio close to 1. The lack of a Ce anomaly, typical of both limestone and siderite at the Paola Ridge (Tables 2 and 3 ) can be thus explained by discontinuity of methane seepage and sustained conditions of high alkalinity and high organic matter content.
Moreover, in presence of high organic matter contents, the high alkalinity of the pore water and the preferential uptake of dissolved Ce(IV) by organic compounds induces a Ce enrichment in the authigenic fraction (Pourret et al., 2008; Kim et al., 2012; Hu et al., 2014) . As discussed above, siderite concretions at Paola Ridge show evidences of precipitation within the fermentation zone (e.g., Irwin et al., 1977; Matsumoto, 1989; Wittkop et al., 2014) . Authigenic siderite formed within the methanogenesis zone, where metabolic activity of microbial consortia triggers the precipitation of authigenic carbonates (e.g., Chafetz and Buczynski, 1992; Monty, 1995) , may thus lack a consistent Ce anomaly as shown by Paola Ridge samples.
The variation in redox condition during the formation of authigenic carbonates can be outlined by using specific trace elements such as Mo and U (e.g., Hu et al., 2014) . In well-oxygenated water Mo behaves conservatively, whereas it normally enriches within organic matter and iron sulfides under anoxic conditions (Helz et al., 1996; Neubert et al., 2008; Algeo and Tribovillard, 2009) . In anoxic conditions Mo is completely removed from seawater and accumulates in surface sediments (Neubert et al., 2008) . Under oxic conditions U is present in its oxidized form U(VI) showing a conservative behavior (e.g., Hu et al., 2014) , whereas in suboxic conditions (within the iron reduction zone) U(VI) is reduced to the insoluble U(IV). The uptake of insoluble U(IV) is facilitated by the presence of organic matter. The overall Mo/U ratio decreases in the iron reduction zone. Molybdenum content in all but two carbonate concretions (Cal-C and Cal-N) is consistently greater than the crustal average (1e2 ppm; Taylor and McLennan, 1985) and much higher than that expected for pure carbonate rocks (0.02 ppm; Neubert et al., 2008 (Algeo and Tribovillard, 2009) . Anomalously high Mo concentrations are believed to reflect the formation of iron sulfides after the production of hydrogen sulfide during AOM (Sato et al., 2012; Hu et al., 2014) . Therefore, high (Mo/U) EF ratios and Mo enrichment are considered to evidence the precipitation in a sulfidic conditions (Hu et al., 2014) . Sulfidic conditions vary with the seepage activity and AOM-derived hydrogen sulfide and may spread from the shallow sediments to the water column producing anomalously high Mo enrichment (Sato et al., 2012; Hu et al., 2014) . The anomalously high concentration of Mo in Paola Ridge authigenic carbonates is produced at times of intense seepage. During periods of lower discharge downward migration of seawater oxidizes AOMgenerated hydrogen sulfide. This implies that hydrogen sulfide is maintained at a low level for Mo enrichment and Fe-sulfides formation. Whilst calcite/aragonite shows average (Mo/U) EF of 2.88, reflecting precipitation from sulfidic pore water, dolomite crusts show (Mo/U) EF values as low as 0.31 reflecting a much lower sulfide concentration (Algeo and Tribovillard, 2009; Hu et al., 2014) likely related to a lower methane flux. Siderite, on the other hand, yields higher (Mo/U) EF values (average 32.2), which are evidence of precipitation under strong anoxic conditions. Varying (Mo/U) EF , Ce anomalies and carbonate phases are better explained by temporary oxic conditions and variations in sulfide concentration induced by seepage flux changes (Feng et al., 2009; Birgel et al., 2011; Hu et al., 2014) . These changes have probably been triggered by allogenic rapid changes in palaeoenvironmental and palaeoceanographic conditions (Rovere, unpublished data) . It is important to note how calcite/aragonite and siderite concretions never co-occur, revealing a likely difference in the seepage conditions along R1MV and RMV, where 13 C-rich siderite occurs, and along the mud diapirs, where siderite is lacking but 13 C-poor AOMrelated calcite/aragonite concretions are abundant.
Concluding remarks
Paola Ridge, along the NW Calabrian margin, is one of the few reported deep sea sites of precipitation of authigenic carbonates in the Tyrrhenian Sea. Authigenic mineral concretions were collected in near sub-bottom sediments along two alleged mud volcanoes (RMV and R1MV) and two diapirs (D1 and D2). A complete array of geochemical analyses has been performed to unravel the effects of discontinuous methane seepage on the genesis and early diagenesis of shallow sub-bottom sediments. Along the Paola Ridge the variable composition of the seeping fluids and the dynamic nature of the seepage induced fluctuation of the sulfate-methane transition zone (SMTZ) with consequent precipitation of diverse authigenic phases. The Paola Ridge sediments provide an unparalleled laboratory for testing the interaction between seeping fluids and different co-occurring authigenic minerals. Particularly siderite concretions, which abound in the study area, are rarely observed at seepage sites elsewhere in the Mediterranean Sea.
Negative d
13 C values together with the presence of chemosymbiotic bivalves are characteristic of a precipitation of calcite and aragonite within the AOM zone. Evidences of AOM are restricted to the D1 and D2 diapirs. Along D1 and D2 calcite/aragonite precipitate at time of moderate to high methane flux within the SMTZ close to the seafloor, under the influence of bottom seawater. Dolomite crusts precipitated at time of i) low methane flux (low sulfide concentrations) or ii) extremely vigorous methane seepage (high sulfite concentrations). The low (Mo/U) EF ratio in the studied samples points toward the latter. This scenario of discontinuous seepage is corroborated by the REE distribution and trace elements concentration, and particularly by the lack of a Ce anomaly and the (Mo/U) EF ratio within the authigenic minerals. RMV and R1MV sediments are rich in sulfide concretions and siderite. These structures (RMV and R1MV), previously described as mud volcanoes, where CO 2 -rich gas venting is active at the seafloor, show ca. 6 m of highly deformed mud lacking any evidence of AOM. Along RMV and R1MV during periods of high flux the abundance of sulfate and Fe active ions fostered the precipitation of pyrite at the expenses of siderite. During periods of lower gas discharges the SMTZ deepens and the decreased sulfide concentration, associated with the increase of dissolved Fe 2þ , facilitates the precipitation of siderite. Siderite precipitation occurred under prolonged anoxic conditions as shown by LREE fractionation and high (Mo/U) EF . Most likely the precipitation of siderite took place within the methanogenic zone, as suggested by 13 C enrichment, and was affected by intense crustal CO 2 venting that induced sensible 18 O enrichment.
The presence of intense ongoing CO 2 -rich gas discharges, characterized by d
13 C-CO 2 values slightly < -1‰ V-PDB, along RMV and R1MV structures and the Y/Ho chondritic ratios of the carbonates suggest the presence of a deep-seated source feeding these gas vents. The lack of consistent methane concentrations within the bottom sea water, coupled with lack of AOM precipitates, suggests that RMV and R1MV structures are not related to seepage of biogenic or thermogenic methane and cannot unambiguously be considered mud volcanoes.
The new data set sheds light into a complex seep-related scenario. Nevertheless the events can not be unambiguously constraint because of the lack of numerical and radiometric dating of the concretions. Future work focused on radiometric dating of the carbonate concretions may reveal, for instance, whether the deposition during a glacial age has been a major control factor for heavy oxygen enrichment. Moreover, although the presence of CO 2 -rich gas suggests the presence of a deep-seated source of venting fluids, the carbon isotopic composition of the gases presented here is not unambiguously evidence for gas provenance. Further detail work on venting gas along Paola Ridge, through He isotopes characterization, may be resolutive in defining whether a mantle contribution was occurring during formation of the authigenic minerals. Further geophysical studies will also shed light on the geological processes that cause differences in fluid seepage between R1MV and RMV. This paper shows that studies that combine trace elements and REE analysis have a great potential to shed light on the causes of both siderite precipitation and reconstruction of environmental conditions, which can lead to a variety of authigenic mineral precipitation and can be used to unravel fluid-rocks interaction active at other seepage sites.
